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Sim ulations show  decreasing carbon stocks and po ten tia l for carbon 
em issions in Rocky M ountain  forests over the  n ex t cen tury
C e l i n e  B o is v e n u e ^  a n d  S t e v e n  W . R u n n i n g  
Num erical Terradynamic Simulation Group, University o f  M ontana, M issoula, M ontana 59802 USA
Abstract. C lim ate change has altered the environm ent in w hich forests grow, and  climate 
change models predict m ore severe alterations to come. Forests have already responded to 
these changes, and  the future tem perature and  precipitation scenarios are o f forem ost concern, 
especially in the m ountainous w estern U nited  States, where forests occur in the dry 
environm ents th a t interface w ith grasslands. The objective o f this study was to  understand the 
trade-offs between tem perature and  w ater controls on these forested sites in the context o f 
available climate projections. Three tem perature and  precipitation scenarios from  IPC C  A R4 
A O G C M s ranging in precipitation levels were inpu t to the process m odel Biom e-BGC for key 
forested sites in the no rthern  U.S. Rocky M ountains. D espite the omission o f na tu ra l and  
hum an-caused disturbances in  our sim ulations, our results show consequential effects from  
these conservative fu ture tem perature and  precipitation scenarios. A ccording to these 
projections, if future precipitation and  tem peratures are similar to  o r drier than  the dry 
scenario depicted here, high-elevation forests on bo th  the drier and  w etter sites, w hich have in 
the absence of disturbance accum ulated carbon, will reduce their carbon  accum ulation. U nder 
the m arginally drier climate projections, m ost forests becam e carbon  sources by the end o f the 
sim ulation horizon (2089). U nder all three scenarios, growing season lengthened, the num ber 
of days w ith snow on the g round decreased, peak snow occurred earlier, and  w ater stress 
increased th rough  the projection horizon (1950-2089) for all sites, w hich represent the 
tem perature and  precipitation spectrum  o f forests in  this region. The quantity , form , and  
tim ing o f precipitation ultim ately drive the carbon  accum ulation trajectory o f forests in this 
region.
K ey words: carbon; climate change; fo rest; northern U.S. R o cky  M ountains; water temperature
balance.
I n t r o d u c t io n
D ocum ented climatic changes in the last 50 years have 
significantly changed the environm ental conditions in 
w hich forests grow (Jones and  M ann  2004). There is 
evidence th a t forests have already responded to  these 
reported  clim atic changes (Boisvenue and  R unning
2006), and  climatic changes are predicted to intensify 
in  the com ing decades (IP C C  2007). The recent 
In tergovernm ental Panel for Clim ate Change (IPC C ) 
F ou rth  Assessment R eport (A R 4) synthesizes m uch of 
the latest research on climate projection. The report 
predicts increases in tem peratures and  in the am oun t o f 
p recipitation a t middle and  high latitudes (IPC C  2007).
Forest vegetation requires sunlight, carbon  dioxide, 
w ater, and  a certain  range in tem peratures as a  basis for 
photosynthesis. C arbon  dioxide levels are n o t limiting in 
forests, and  it is therefore possible to  represent the
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variability in  vegetation productivity  across the globe by 
m apping the availability o f rad iation  (light), w ater (in 
the soil and  in the atm osphere w ith vapor pressure 
deficit [VPD]), and  w ith an  overlay of tem perature 
lim itations (C hurkina and  R unning 1998, N em ani et al. 
2003, R unning et al. 2004). W hile the bulk o f the 
variability in productivity can be represented by these 
three abiotic controls, a  sm aller po rtion  of the variation 
in productivity  is determ ined by the am oun t o f foliage, 
the light use efficiency o f this foliage, am bient tem per­
a tu re  during  grow ing season, availab ility  o f soil 
nutrients, the adap ta tion  o f species to  extreme tem per­
atures, and  the efficiencies o f w ater and  nu trien t use 
(H opkins and  H iiner 2004).
P recipitation levels, w hich are predicted to change, 
play a  crucial role in forest ecosystems, especially on 
drier sites. The am oun t o f w ater on site often drives 
productivity  and  disturbance regimes in dry-site forests. 
Fig. 1 illustrates the sequential constrain ts o f light, V PD, 
and  tem perature on the grow ing-season physiological 
activity of a  forested site in M issoula, M on tana  (Jolly et 
al. 2005). F o r this site, day length is the prim ary 
constrain t from  N ovem ber to  February; low tem pera­
tures constrain activity in late w inter, spring, and  fall; 
and  w ater stress limits productivity  in the w arm  m onths
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o f sum mer. D uring the bulk of the growing season on 
this site, when light and  low tem peratures are no t 
limiting, w ater drives the system. In  M issoula, M ontana, 
overall productivity  depends on m oisture conditions 
during the m ain p a rt o f the growing season. In  turn , 
spring, sum mer, and  au tum n tem peratures, as well as 
sum m er precipitation levels, and  the previous w inter’s 
snow pack, determ ine these conditions.
The individual and  com bined effects o f tem perature 
and  prec ip ita tion  reach  beyond a tw o-dim ensional 
threshold  effect created by the range of tem peratures 
and  the am ount o f w ater necessary for photosynthesis. 
W ater stress suppresses photosynthesis by reducing 
light-use efficiency, and  if w ater-lim iting conditions 
persist, stom ata close, halting the photosynthesis p ro ­
cess. W hen w ater is n o t limiting, annual photosynthesis 
in forests is controlled by atm ospheric conditions via 
their influence on absorbed photosynthetically  active 
rad iation  (PA R ) and  the effects o f available light and 
tem perature on stom atal conductance (W aring and  
R unning 2007). A n increase in tem perature m ay also 
increase vapor pressure deficit (V PD) o f the a ir and 
thereby increase transp ira tion  rates, resulting in adverse 
effects on drier sites, unless stom ata close in  response to 
o ther changes such as an  increase in C O 2 , o r if increases 
in nighttim e tem perature exceed increases during the day 
(K irschbaum  2004). In  addition , w ater and  tem perature 
also contro l decom position and  respiration levels in 
forest ecosystems; w ater can limit respiration by limiting 
grow th an d /o r suppressing m icrobial respiration  (e.g., 
B arr et al. 2007). W arm ing tem peratures in the northern  
latitudes have lengthened the growing season, enhancing 
spring photosynthesis, bu t also increasing the late- 
season respiration cost to  net productivity; the spring 
productivity  increase due to  tem perature increases was 
nullified by fall respiration  costs (Piao et al. 2008). This 
lengthening o f the growing season m ay also exacerbate 
the sum m er d rought episodes illustrated in Fig. 1 as per 
the findings o f Sacks et al. (2007) and  those o f Bergh et 
al. (2003). Increases in  tem pera tu re  in  non-w ater- 
limiting conditions m ay also increase decom position of 
litter. This process releases nutrients, a  positive effect on 
productivity, b u t also reduces the am oun t o f carbon 
sto red  in fo rest soils, a  ca rbon  reserve o f great 
im portance in  m iddle an d  no rth ern  latitudes. The 
complex response o f forests to  elevated tem peratures 
and  precipitation m ay cause an  increase in the carbon 
exchanged between the atm osphere and  the biosphere 
w ithou t necessarily an  increase in  N et P rim ary  
P roductiv ity  (N PP) or N et Ecosystem  Productiv ity  
(N EP) as K orner et al. (2005) found for sites in elevated 
C O 2  conditions. Forests m ay churn  over m ore carbon 
th rough  turnover and  decom position b u t no t necessarily 
store m ore, even if g row th  is enhanced. W inter 
tem peratures and  snow pack depths also alter respira­
tion  levels (M onson et al. 20066). Forests’ physiological 
responses to  environm ental changes are highly depen­
dent on the characteristics o f the particu lar forested site.
I Vapor pressure deficit 
I Day lengtfi 
I Minimunn temperature
Feb 2000 Apr 2000 Jun 2000 Aug 2000 Oct 2000 Dec 2000
F ig . 1. A conceptual summary of the theoretical mix of 
seasonal growing-season constraints for Missoula, M ontana, in 
the year 2000. Index values from 0 to 1 represent 100% 
constraints to no constraints on growth, and the colors above 
the curve represent the source of the constraints (vapor pressure 
deficit, day length, and minimum temperature). This conceptual 
analysis can be done for any site from standard daily weather 
records (Jolly et al. 2005).
The objective o f this study was to  understand the 
trade-offs between tem perature and  w ater controls on 
forested sites in the context o f climate projections. Three 
scenarios o f tem perature and  precipitation selected from  
the IP C C  A R 4 23 A O G C M s (A tm osphere-O cean  
G eneral C irculation M odels) were input to a  process 
m odel for key forested sites in the no rthern  U.S. Rocky 
M ountains: a d rier p ro jection  (G F D L -C M 2.0), a 
m edian projection (PC M ), and  a w etter projection 
(CG M 3.1(T63)). These scenarios are in  the middle 
range of the IPC C  A R4 23 A O G CM s. The northern  
U .S. Rocky M ounta in  region was selected for its range 
in elevation and  annual precipitation on forested sites. 
W ith  the m odel Biom e-BGC (T horn ton  1998a), a  m odel 
th a t integrates well ou r current knowledge o f forest 
processes and  their interactions w ith environm ental 
conditions, we projected six sites covering the range of 
conditions in the region, under each scenario. All three 
tem perature and  precipitation scenarios were set under 
the same atm ospheric CO 2  concentration, as projected 
by the IPC C  Special R eport on Em ission Scenarios 
(SRES) A IB  (N akicenovic et al. 2000).
B a c k g r o u n d  a n d  D a t a  
Biome-BGC
Biom e-BGC is a m odel th a t simulates fluxes and  
storage o f energy, w ater, carbon, and  nitrogen for 
vegetation and  soil com ponents o f terrestrial ecosystems 
(T horn ton  19986) {available online)^  The m odel was 
originally developed for forest biomes (R unning and  
G ow er 1991), and  then expanded to o ther biomes
2 (www.ntsg.um t.edu/m odels/bgc)
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(R unning and  H u n t 1993, W hite et al. 2000). Biome- 
BG C simulates energy and  w ater balances estim ating 
snow accum ulation and  melting, drainage and  runoff, 
soil and  leaf surface evaporation , w ater transp iration  
th rough  leaf stom ata, leaf sunlight interception, and 
ground-level sunlight penetration. I t  also m odels b io ­
geochem ical cycles rela ting  to  p lan t g row th  and  
decom position such as photosynthetic-carbon fixation, 
soil nitrogen uptake, carbon  and  nitrogen distribution 
th roughou t growing p lan t parts, new -leaf grow th, and 
leaf litterfall, litter and  organic m atte r decom position, 
and  p lan t m ortality . Biom e-BGC is a m em ber o f a  class 
o f ecosystem process m odels sometimes referred to  as 
“big-leaf” models: it treats the landscape canopy as a 
single leaf layer w ith a given thickness and  is neither 
individual based n o r species specific. Instead, it uses site 
conditions, vegetation physiological characteristics, and 
m eteorological d a ta  to  sim ulate ecosystem changes 
th rough  time. The m odel is driven by climate and 
environm ental changes and  was developed to  incorpo­
rate  our present understanding o f p lan t physiological 
responses to  environm ental changes. B iom e-BGC has 
been extensively tested a t a  variety of scales ranging 
from  poin t to  global sim ulations (e.g., C hurkina et al. 
2003, B ond-Lam berty et al. 2005, Q ian et al. 2006, M u 
et al. 2008).
W eather is the m ost im portan t contro l on vegetation 
processes in  Biome-BGC. Flux estim ates depend strong­
ly on daily w eather conditions. M odel behavior over 
tim e depends on the long-term  patterns o f these w eather 
conditions, the climate. The m odel requires a set o f 
initial conditions from  which to  start a  sim ulation. These 
conditions are established th rough  a  spin-up sim ulation 
th a t can span m any thousands of years until the system 
reaches a steady state w ith respect to  soil carbon  fluxes. 
The com partm ent C and  N  values reached a t this steady 
state are used as starting values for fu rther simulations. 
O ur spin-up simulations were based on actual m eteoro­
logical da ta  from  1950 to  2005, w hich we recycled 
th roughou t the spin-up years, along w ith site-specific 
p lan t ecophysiology inform ation and  site conditions, 
such as soil depth  and  geolocation.
Climate projections
W hile clim ate m odels unavo idab ly  sim plify the 
com plex in terac tions betw een com ponents o f the 
E arth ’s system, increases in com puting capability o f 
recent decades have led to  models based on well- 
established physical principles th a t are capable of 
rep roducing  observed features o f recent clim ate 
(R andall et al. 2007) and  past climate changes (Jansen 
et al. 2007). (A O G CM s) are the prim ary source of 
regional inform ation on the range o f possible future 
climates (Christensen et al. 2007). The IPC C  A R4 
support A O G C M s as credible quantitative estim ates o f 
possible fu ture climate change, particularly  a t continen­
ta l and  larger scales. The precise boundaries between 
regions o f robust increase and  decrease in tem peratures
and  precipitation rem ain uncertain, and  these bound ­
aries are com m only where A O G C M  projections dis­
agree (Christensen et al. 2007). Confidence in  these 
estim ates is higher for some climate variables th an  for 
others (e.g., tem perature vs. precipitation [Randall et al.
2007]). Because o f the im portance of precipitation in 
forests such as the ones in the no rthern  U.S. Rocky 
M ounta in  region, we selected three m odels from  the 23 
used in the A R 4 th a t varied in their precipitation 
projections: C G M 3.1(T63) m odel, from  the C anadian  
Centre for Climate M odelling and  Analysis, the PC M , 
from  the N ational C enter for A tm ospheric Research 
(N C A R ), an d  the G F D L -C M 2.0 , from  the U .S. 
D epartm ent o f C om m erce/N O A A  Geophysical F luid 
D ynam ics L aboratory . As show n in Fig. 2, the selected 
m odels were no t m arginal ones; their precipitation 
projections were near the center o f the d istribution  of 
A O G C M  projections.
F o r each A O G C M , average m onthly  changes in 
values o f precipitation and  tem perature from  a base 
period (years 1980-1999) to  2030 (2020-2039), and  from  
the base period to  2080 (2070-2089), were provided by 
the N ational Center for A tm ospheric Research (N C A R ) 
(Table 1) for an  area ~5.6° in latitude and  longitude 
over the no rthern  U.S. Rocky M ountains (Fig. 3). The 
2030 values represent the average change, per m onth , 
between 2020 and  2039, and  the 2080 values represent 
the average change, per m onth , between 2070 and  2089. 
As per the application instructions on the use o f these 
projections, these averages were applied to  m onthly 
precipitation and  tem perature values from  1980 to 1999. 
The probability  d istribution  functions (PD F) of these 
three A O G C M s in a  Bayesian synthesis o f all A O G C M s 
are presented elsewhere (Tebaldi et al. 2005). Projections 
from  these three A O G C M s were com pleted under the 
A IB  emission scenarios (N akicenovic et al. 2000), which 
for ou r purposes, provide an  atm ospheric C O 2  concen­
tra tion  for our sim ulation horizon.
M onth ly  tem peratures and  precipitation predictions 
from  CGM 3.1(T63), PC M , and  G FD L -C M 2.0 under 
SRES scenario A IB  (Table 1) were the basis for the 
three scenarios under w hich we explored the tem pera­
tu re  and  prec ip ita tion  trade-offs in  forests o f the 
no rthern  U.S. Rocky M ountains. The climate change 
scenarios do n o t account for local differences, such as 
the differences in climate change according to altitude or 
on the leeward and  w indw ard side of m ountains. The 
selected A O G C M s differ in their p recip itation  and  
tem perature projections only. A  quantitative com pari­
son o f the three A O G C M  precipitation and  tem perature 
projections to  recent tem peratures and  precipitation 
levels (1980-1999) is presented in Table 1. Differences in 
tem peratures are in degrees centigrade, and  differences 
in precipitation are in percentages. In  a general annual- 
based com parison to  present-day climate, CGM 3.1(T63) 
is the wettest m odel for bo th  the 2030 and  the 2080 
change periods, and  is m uch w etter th an  present-day 
climate; G FD L -C M 2.0 is the driest (m uch drier than
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F ig . 2. The large panel shows observed annual mean precipitation averaged by latitude zones from 1980 to 1999 (continuous 
black line), simulated annual mean precipitation (colored lines), and all model averages annual mean precipitation (black dashed 
line) for the 23 Atm osphere-Ocean General Circulation Models (AOGCMs) used in the IPCC AR4. The smaller inset shows the 
location of the three AOGCM s selected for climate projections in this study (Wet, CGM3.1(T63); Dry, GFDL-CM2.0; Middle, 
PCM ) amid the 23 models for latitudes between 41° N  and 48° N, our approximate study area.
present-day climate) in b o th  the 2030 and  2080 periods; 
and  PC M  is very similar to  present-day to ta l precipita­
tion  quantity  in the 2030 period, a lthough a  little wetter, 
and  m ostly w etter th an  present day in the 2080 period. 
All three A O G C M s are  w arm er th an  present-day 
climate, w ith G FD L -C M 2.0 being m uch ho tter than  
present-day climate in the 2030 change period, and  very 
ho t in com parison w ith present-day climate in the 2080 
change period. C G M 3.1(T63) is w arm er than  present- 
day climate in bo th  change periods, and  PC M  is a  little 
w arm er th an  the present-day clim ate in  2030 and  
w arm er than  the present-day climate in the 2080 change 
period. G FD L -C M 2.0 distinguishes itself from  the two 
other m odels, as it is m uch ho tter and  drier than  our 
present climate. C G M 3.1(T63), PC M , and  G F D L - 
CM 2.0 are referred  to  as wet, m iddle, an d  dry, 
respectively, in this text. N ote  th a t on a seasonal basis, 
there is m uch m ore variation between m odels than  in the 
above annual general description.
Sites
Six sites were strategically  selected to  represent 
climate niches across the wide range of elevation and 
historical precipitation in the northern  U .S. Rocky 
M ounta in  region. Sites representing a range o f elevation 
(a strong surrogate for tem perature in m ountainous 
terrain) and  precipitation levels are listed in Table 2, 
along w ith their annual, w inter, and  sum m er average 
tem peratures. A nnual precipitation levels am ong the
sites ranged from  30 cm /year to  192 cm /year between 
1950 and  2005. Selected sites were: the city o f Boise, 
Idaho , a t 857 m  elevation, representing a g rassland- 
forest ecotone; D eer Point w eather station, located in 
the m ountains no rtheast o f the city o f Boise a t 2147 m 
(high-elevation dry  site); Priest River, Idaho , a t 725 m 
(low-elevation wet site); the Sum m it w eather station  in 
G lacier N ational Park , M on tana  (see Plate 1), a t 1600 m 
(high-elevation  w et site); a  sta tion  in  M issoula, 
M ontana , a t 1042 m  (low-elevation dry site); and  the 
Tow er Falls w eather station  in Yellowstone N ational 
P ark , W yoming, a t 1909 m  (high-elevation dry site) (Fig. 
3). Each site corresponds to  N ational Climatic D ata  
C enter (N C D C ) w eather stations.
Biom e-BGC input
Biom e-BGC requires m eteorological data , site char­
acteristics inform ation, and  ecophysiological da ta  to 
simulate biomes th rough  time. F o r each site, complete 
daily climate records were constructed from  1950 to 
2005 using N C D C  data. D aily surface records from  
N C D C  for any climate station  are rarely complete; 
hence, to  construct complete daily records, we used a 
com bination  of adjacent climate station  da ta  modified 
to  fit the target station  characteristics (aspect, elevation, 
etc.) using the single-point bioclim atology m odel, M T- 
C LIM  (M ountain  Clim ate Sim ulator [T hornton and  
R unning 1999]), as well as D A Y M E T , a  m odel th a t 
generates daily surfaces o f tem perature, precipitation,
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T able 1. Temperature and precipitation predictions for three A tm osphere-Ocean General Circulation Models (AOGCMs) under 
emission scenario A IB  (Nakicenovic et al. 2000) provided by the National Center for Atmospheric Research (NCAR).
W et CGM3.1(T63) Middle PCM Dry C G D L-C M 2.0
Date Precipitation (%) Temperature (°C) Precipitation (%) Temperature (°C) Precipitation (%) Temperature (°C)
2030 (2020-2039)
January -15.99 I.2I -2 .33 0.99 -6.51 0.32
February 23.16 1.93 4.43 0.77 -10.87 1.37
M arch 13.28 I.2I 0.75 0.73 1.19 1.95
April 11.63 0.85 - 0.12 0.47 I I .8 1.03
May 21.03 1.44 7.41 0.79 1.62 0.21
June 18.01 0.61 7.99 0.83 -17 .7 0.15
July -2 .92 0.88 -4 .43 I .I I -32.36 3.17
August 15.95 0.44 3.92 0.9 -47.88 3.51
September 9.26 O.OI -17.01 1.28 0.38 1.68
October 17.15 1.1 13.87 0.8 -3.71 1.95
November 22.37 0.49 -3 .9 2 0.55 0.81 1.51
December 22.83 I.7I -4 .19 1.03 -1 .82 1.2
2080 (2070-2089)
January 4.52 3.38 6.95 3.84 -10.69 3.34
February 37.3 4.4 14.12 3.6 6.6 4.61
M arch 24.66 2.58 9.35 1.64 14.44 3.98
April 36 2.58 10.85 1.51 19.35 2.98
May 20.94 3.33 II 1.6 2.38 2.1
June -6.83 2.85 11.79 2.5 -26.66 2.83
July -9 .1 6 3.08 -4 .9 2.97 -50.35 7.5
August -7 .66 2.44 8.13 2.82 -47.16 8.52
September 16.7 2.5 -29.77 3.3 -40.71 5.48
October 13.25 3.04 12.96 2.26 -18.14 4.28
November 36.41 1.1 1.46 1.99 6.71 3.68
December 23.48 3.93 -3 .9 2.72 31.55 3.25
Notes: For each model, monthly changes in values of precipitation and temperature from a base period (years 1980-1999) to 
2030 (average change between 2020 and 2039), and from the base period to 2080 (average change between 2070 and 2089) were 
provided by NCA R for an area —5.6° in latitude and longitude in the northern U.S. Rocky Mountains. For projections 
[CGM3.I(T63) and others] see Introduction.
AlbertaBrffisf) Columbia
Canada
Priest River, |[), Glacier, MT
Washington
|la, MT,
Montana
Yellowstone, WY,
Idaho
Oregon
Deer Point, ID
Wyoming
km
0  50  100 200
F ig . 3. The region referred to as the northern U.S. Rocky M ountains for the purposes of our study. The models’ grids were 
interpolated by NCA R to a “T42” grid, which represents the median resolution among the models contributing to the Program of 
Climate Models Diagnostic and Interpretation (PCM DI) archive (Tebaldi et al. 2005). Black dots represent the six climate niche 
sites selected for analyses.
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Table 2. Elevation, annual, winter, and summer average temperatures (1950-2005) for sites 
selected as representative of climate niches in the forests o f the northern U.S. Rocky Mountains.
Temperature (°C)
Sites Elevation (m) Precipitation (cm) Y early Winter Summer
Boise 857 30 14 2 26
Missoula 1042 44 10 - 1 22
Y ellowstone 1909 46 6 - 6 18
Deer Point 2147 49 9 - 2 21
Priest River 725 81 10 - 1 21
Glacier 1600 107 5 - 5 16
hum idity, and  rad iation  over large regions o f complex 
terrain  {available online)?
U sing the m onthly  values o f each A O G C M  for each 
o f the two time periods com bined w ith actual climate 
da ta  from  1950 to  2005, we constructed a  time series of 
daily precipitation and  tem perature from  1950 to  2089. 
C onform ing to  A O G C M  developm ent, daily da ta  from  
1980 to  1999 for our six selected sites were used as a  base 
period to  which changes in precipitation and  tem pera­
ture for 2030 (2020-2039) and  2080 (2070-2089) were 
applied. L inear in terpolation  o f m onthly  precipitation 
and  tem perature values between 2005 and  2020, and 
between 2039 and  2070, were com bined w ith daily to 
m onthly  varia tion  from  the last 15 and  30 years, 
respectively, o f actual da ta  (1992-2005 and  1976-2005) 
to  com plete the tim e series.
C O 2  levels, required as inpu t to  Biome-BGC, m atched 
levels specified in the IPC C  SRES A IB . Biom e-BGC 
version 4.2 was used to  project evergreen needle forests 
growing on our six sites, w ith adjustm ents to  site 
characteristics and  ecophysiological param eters to  suit 
each site, from  1950 to  2089 under each A O G C M , 
creating three projections o f each of the six sites. Spin- 
up runs o f Biom e-BGC (i.e., m odel runs over extended 
time periods) were used to  provide the initial 1950 C and 
N  state for each site. Soil inputs were generated using 
State Soil G eographic (STA TSG O) data , w hich provide 
8 -km soil da ta  sets, compiled by the N atu ra l Resources 
C onservation Service (N R C S) {available online)?  Soil 
da ta  were extracted based on the latitude and  longitude 
fo r each site from  STA TSG O  d a ta . In dustria l N  
deposition values were set a t 0.0004 kg N -m ^^-yr^\
Analysis
W e first exam ined the clim ate trends, com paring 
tem perature and  precipitation differences between pres­
ent averages (1996-2005) and  end o f projections averages 
(2080-2089). W e then  looked a t specific w ater- and 
tem perature-driven trends by quantifying differences in 
snow pack, grow ing-season length, and  num ber o f w ater 
stress days between A O G C M s across sites and  between 
sites. W e defined a w ater stress day as a day on w hich soil 
w ater potential falls below —1 M Pa. Soil m oisture is a  key
 ̂ (http://w w w .daym et.org/) [Thornton et al. 1997] 
(http://soils.usda.gov/survey/geography/statsgo/)
link betw een clim ate fluctuations and  physiological 
processes (R odriguez-Iturbe 2000). C anopy conductance 
is strongly related to w ater potential in the upper soil 
layer, especially once soil w ater potential decreases below 
a threshold (e.g., O ren et al. 1998). The general soil w ater 
potential a t w hich stom ata close for no rthern  U.S. Rocky 
M ounta in  conifers is a round  —1.5 M P a (C arter et al. 
1988), often referred to  as the wilting point; however, 
living cells in a tree rem ain relatively turg id  even in 
d rough t conditions (W aring and  R unning 2007). O ur 
threshold  was selected to  represent days w ith w ater stress 
conditions for these forests (C arter et al. 1988). The w ater 
resources o f the w estern U.S. depend heavily on snow 
pack to  store p art o f w intertim e precipitation for use in 
the drier sum m er m onths (H u et al. 2009). W e looked a t 
b o th  the num ber o f days w ith snow on the ground and  
the tim ing o f the m axim um  am ount o f snow on the 
g round  (peak  snow) for each hydrological year ( 1  
O ctober to  30 September). The concept o f a growing 
season can be defined in m any ways, all o f w hich are 
a rb itrary , since a growing season is m ore o f a  continuum  
than  a discrete event (Jolly et al. 2005), especially in 
conifer forests. F o r the purpose o f this study, a  constant 
definition was needed to  provide a com parison point 
between the different time periods and  different projec­
tions of climate. W e defined the beginning o f the growing 
season as the first period o f m ore than  seven consecutive 
days w ith  >30%  o f the average m axim um  annual 
photosynthesis between 1950 and  2005, and  the end as 
the first period of m ore than  seven days o f photosynthesis 
below th a t threshold.
Finally, we com pleted the analyses by com paring 
carbon  fluxes, such as N P P  and  N EP, and  actual carbon 
on site. N PP  is a  carbon flux defined as the photosyn­
thesis o f the system m inus the respiration  o f prim ary 
producers (C hapin et al. 2006). I t  is bu t one p art o f the 
N et Ecosystem P roduction  (N EP), w hich takes into 
account heterotrophic respiration. N E P  can essentially 
be viewed as the accum ulation (or loss) o f carbon  over a 
whole ecosystem and  over a  whole season or o ther time 
period (IPC C  2003), while N PP  can be viewed as the 
am oun t o f carbon  fixed by plants after accounting for 
their respiration losses, usually over a year o r a  growing 
season. N P P  and  N E P  are useful measures of carbon  a t 
an  ecosystem  o r fo rest stand  level. N e t P rim ary  
P roduction  (N PP) has been show n to correlate positive­
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ly w ith precipitation levels (K napp  and  Sm ith 2001, 
K ang et al. 2006), w ith soil m oisture being the link 
between precipitation and  forest productivity  (W eltzin 
et al. 2003). A n analysis o f the effects o f the different 
clim ate scenarios on ecosystem-level carbon  in the 
d ifferen t forests o f the n o rth e rn  U .S. R ocky 
M ountains was com pleted by com paring differences in 
these m easurem ents w ith changes in to ta l site carbon 
between sites and  A O G CM s.
R e s u l t s  a n d  D i s c u s s i o n  
Climate trends
O ur constructed daily climate time series (1950-2089), 
used as input to  Biome-BGC, yielded annual average 
daily tem peratures in D eer Po in t o f 17°C vs. 8 °C in 
Glacier, and  average annual precipitation values from  
111 cm in G lacier to  32 cm in Boise. The time series 
differentiated well between the sites, where drier sites 
such as Boise, M issoula, and  Yellowstone were indeed 
drier, and  higher-elevation sites (D eer Point, Glacier, 
and  Yellowstone) were colder. Fig. 4 shows averaged 
to ta l annual precipitation for recent-times simulations 
(1996-2005) and  fo r the end o f the projections (2080- 
2089) and  averaged m axim um  and  m inim um  tem pera­
ture differences by season for the same time periods 
(positive values =  increase, while negative values =  
decrease). F rom  this com parison, we can see th a t all sites 
received m ore precipitation on average a t the end of the 
projections th an  present-day averages. C om pared w ith 
presen t-day  average tem peratures, all tem peratures 
increase by the end of the projection, w ith w inter 
tem peratures (bo th  m axim um  and  m inim um ) increasing 
m ore than  o ther seasons.
Temperature- and water-driven trends
Based on the linear m odel o f the to ta l num ber o f 
annual grow ing-season days (GS) across the time series 
(1950-2089), we calculated the difference between the 
predicted length o f the grow ing season in 1950 and  th a t 
predicted in 2089. Table 3 lists these differences per site 
by A O G C M . The to ta l growing-season length showed a 
significant increasing linear trend  for all sites and  all 
m odels, except for Yellowstone under the dry climate 
projections, where the growing-season length showed no 
significant trend . U n d er all three projections, the 
grow ing-season length  in  Boise changed the m ost 
(increases o f 50, 35, and  43 days in the wet, m iddle, 
and  dry projections, respectively), w ith G lacier showing 
the least change (19, 15, and  17 m ore days o f growing 
season under the wet, m iddle, and  dry projections, 
respectively). In  ou r projections, by 2005, ~40%  o f this 
change has already occurred.
The same linear m odel calculations revealed th a t 
under all A O G C M  projections and  SRES A IB , between 
1950 and  2089 across sites, no t only does growing- 
season length (GS) increase, bu t the num ber o f days 
w ith snow on the g round (SW) decreases, and  the 
num ber o f w ater stress days (W S) increases, all w ith
significant linear trends (e.g.. Fig. 5). Average changes in 
grow ing season, snow w ater, and  w ater stress by 
A O G C M  across sites are show n in Table 4. As for the 
grow ing-season change, by 2005, projections show th a t 
a round  40% o f change in SW and  W S has already 
occurred.
W hen we com pared the num ber of w ater stress days 
between 1950 and  2089, where there is a significant 
linear m odel, the high-elevation dry site (D eer Point) 
increased the m ost, w ith 8 6  m ore w ater stress days by 
2089 under the wet A O G C M  projections and  91 m ore 
days under the dry A O G C M  projections; and  Priest 
R iver increased the least, w ith 37 and  48 m ore w ater 
stress days by 2089 as com pared w ith 1950, under the 
wet and  dry projections, respectively. A  little less than  
half o f this change had  already happened by 2005. The 
num ber of days w hen w ater potential o f soil and  leaves 
was less th an  —1 M P a between 1950 and  2005 (the 
projection period based on actual data) showed no 
significant linear increase, and  the num ber o f days o f 
w ater stress p redicted  by each A O G C M  scenario 
between 2006 and  2089 differed very little between 
models. Hence, we com pared the num ber o f w ater stress 
days above the long-term  average from  1950-2005, 
across all A O G C M s, in the 1950-2005 time period to  
the num ber in the 2006-2089 tim e period (Fig. 6 ). 
A cross all sites, the num ber o f w ater stress days 
increased by an  average o f 47 days.
F o r five ou t o f six sites, peak snow occurs earlier by 
the end of the projection (2089) th an  it d id  a t the 
beginning (1950). A ccording to  a linear m odel across the 
time series (1950-2089) and  across all A O G C M s, peak 
snow occurred 29 days earlier, on average, for five of the 
sites, w ith peak snow occurring 54 days earlier a t the 
high-elevation dry site (D eer Point), 7 days earlier a t the 
forest-grassland ecotone site (Boise), 41 days earlier a t 
the high-elevation w et site (G lacier), 10 days earlier a t 
the lower-elevation dry site (M issoula), and  31 days 
earlier a t the low-elevation wet site (Priest River) by the 
end o f the projection vs. the beginning. Fig. 7 shows the 
average tim ing o f peak snow according to  a  linear m odel 
o f all the peak snow estim ates from  A O G C M  projec­
tions for the high-elevation wet site (G lacier), and  the 
high-elevation dry site (D eer Point). Peak snow in D eer 
Po in t goes from  14 February  1950 to  23 Decem ber 2089 
(2 February  in 2005), and  from  8  A pril 1950 to  25 
February  2089 (2 A pril in 2005) for Glacier. The 
im portance of snow pack w ater storage in the m oun­
tainous W est is well know n (Sheffield et al. 2004). U p  to  
75% o f all stream  w ater originates from  snowmelt. 
F urther, the role th a t cold-season processes play in the 
developm ent o f sum m er d rought and  fire risk cannot be 
underestim ated (Service 2004). O ur projections follow 
the already w ell-docum ented shift tow ard  earlier runoff 
in recent decades a ttribu ted  to  m ore precipitation falling 
as rain  instead of snow, and  earlier snowm elt (Knowles 
et al. 2005, H u  et al. 2009). O ur simulations support a 
continuation  o f these trends w ith, on average, one
July 2010 TEM PERATURE/W ATER CONTROLS ON FORESTS 1309
150E
c
O
S  100 
■q .
"oo
^  50
15
10
5
0
- 5
-10
-15 
15
10
5
0
- 5
-10
-15
o
0
O
3
2d>
E
O
0
a>
3
2d>
E
Total annual precipitation 1 1996-2005 average 
12080-2089 average
1600 m
857 m
1042 m 1909 m 2147 m
~ rn m
Average maximum-tennperature 
increase from 2005 to 2089
1 r T f l r-i-TI r u
□  Spring and fall
□  Summer 
■  Winter
Average minimum-temperature 
increase from 2005 to 2089
n-\D rr~D rrP ^~D
□  Spring and fall
□  Summer 
■  Winter
I I  ̂  ̂ I I
Boise Missoula Yellowstone Deer Point Priest River Glaoier
F ig . 4. A comparison of predicted total yearly precipitation, average maximum, and average minimum temperatures by season 
between the present-day average (1996-2005) and the end of the simulations (2080-2089) under CGM3.1(T63) Atmosphere-Ocean 
General Circulation Model temperature and precipitation projections for sites across the northern U.S. Rocky Mountains. 
Elevations of the sites appear above the bars in the top graph.
m onth  earlier peak snow across all sites and  significant 
negative linear trends in the num ber of days per year 
w ith snow on the ground. As per H u  et al.’s (2009) 
com pilation o f nine years o f flux tow er da ta  a t N iw ot 
Ridge, C olorado (a similar high-elevation dry site ju s t 
south of our study area), our sim ulation predicts th a t 
less snow will likely increase the sum mer drought period, 
fu rther increasing the num ber o f w ater stress days. A t 
the dry sites th a t presently depend on their spring snow 
pack to  m ain ta in  a forest canopy during sum m er 
m onths, ou r simulations indicate th a t by 2089 under 
all three G C M  projections, there w ould be very little to 
no snow pack left on these sites. As an  example, Boise, 
Idaho , a site representing the ecotone between forests 
and  grasslands, had  an  average o f 27 days w ith snow on 
the ground between 1950 and  2005 (ranging from  84 to  4 
days).
The increase in growing-season length in our sim ula­
tions com bined w ith a  decrease in the num ber o f days 
w ith snow on the ground and  the earlier peak snow 
seems to  have resulted in an  increase in w ater stress 
across all sites under all projections, a  finding already
supported  by recent com pilations o f flux tow er data  
(M onson et al. 2002, H u  et al. 2009).
Carbon
C arbon  accum ulation and  carbon  fluxes also respond­
ed to  the climate projections, b u t unlike growing season,
T able 3. Difference between the 2089 and the 1950 average 
growing season length (from a linear model) by AOGCM 
(wet, middle, dry) for six forested sites across the northern 
U.S. Rocky M ountains and the average (across AGGMCs) 
linear model value for 2005.
Sites
AOGCM
Average 2005 
GS lengthWet Middle Dry
Deer Point 33 20 30 115
Boise 50 35 43 136
Glacier 19 15 17 144
Missoula 41 34 27 151
Priest River 21 15 22 150
Y ellowstone 20 14 NS 113
N ote: AOGCM s
Circulation Models.
are A tm osphere-O cean General
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F i g . 5. Examples of time series o f the three key variables with clear responses for a high-elevation dry site (Deer Point), a high- 
elevation wet site (Glacier), and a lower-elevation dry site (Missoula) in the northern U.S. Rocky Mountains. The shaded areas 
show the timing of the growing season (green), the presence of snow (blue), and water stress (pink) for the year (y-axis is from 1 to 
365 [days]) throughout the simulation horizon (x-axis; 1950-2089); the data points (solid circles) are the total number of days of 
growing season, snow presence, and water stress, respectively, and the lines indicate a fitted linear model through these totals.
snow pack, and  w ater stress, responses differed between 
A O G C M s. F o r  m ost sites under all three clim ate 
projections there is an  increase in average N PP, except 
for G lacier under the dry projection. Fig. 8  shows the 
differences in  projected recent average N PP  (1996-2005) 
and  the end o f the projections (2080-2089). The increase 
is m uch  m ore p ronounced  u nder the w et clim ate 
projections for all sites between now and  the end of 
the projections. Yellowstone (high-elevation dry site) 
increased the m ost in N P P  o f all sites across all 
projections. N P P  increased less under the m iddle climate 
projection than  the wet projection (for all sites). U nder 
the dry projection, the high-elevation wet site (Glacier) 
shows a  decrease in N PP  between recent rates and  the 
end o f the projections, and  the low- and  high-elevation 
dry sites (M issoula, Yellowstone, and  D eer Point), as
T a b l e  4. Average number of days of change in growing 
season length, o f change in the number o f days with snow on 
the ground, and of change in the number o f water stress 
days, by AOGCM  model (wet, middle, dry) across all sites, 
between 1950 and 2089.
AOGCM
Growing
season
Days 
with snow
W ater
stress
Average SD Average SD Average SD
Wet 31 13 -5 0 52 56 17
Middle 22 10 - 5 4 51 60 17
Dry 23 15 - 6 7 47 67 16
N ote: AO GCM s are A tm osphere-O cean General
Circulation Models.
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P late 1. A springtime scene in early June on the eastern slope of the Rocky M ountains near Glacier National Park, M ontana, 
USA. This study projects that, by the end of this century, snowmelt and spring greening will occur a m onth earlier than today in the 
northern Rocky M ountains of the United States. Photo credit: S. W. Running.
well as the low -elevation wet site (Priest River), show a 
small increase. Between the start o f the simulations 
(1950-1959) an d  m ore recen t N P P  (1996-2005), 
M issoula, Priest River, and  Yellowstone sites all showed 
a decrease in N P P  while D eer Point, Boise, and  Glacier 
had  show n an increase.
A n increase in grow ing-season length, as our sim ula­
tion  showed, has been associated w ith increases in 
productivity  (e.g., M enzel et al. 2006), especially at 
latitudes where tem peratures constrain  productivity  at 
certain times o f the year, as is the case in our sites (see 
Fig. 1). U nder non-w ater-lim iting conditions, tem pera­
ture is m ost likely a productivity  driver for our sites as 
per the findings of D ang  et al. (2007), Z hao and  Zhou
(2006), and  W hite et al. (2006), w ho all identified 
tem perature as a  driver o f productivity  in their studies; 
how ever, the sum m er d ro u g h t period  intensified 
th roughou t the projections on our sites (as the increase 
in w ater stress days shows), lim iting the potential 
positive effects o f a longer grow ing season across our 
sites. The slight N PP  increase could be due to  the C O 2  
fertilization effect, similar to  the findings o f V etter et al. 
(2005).
■ 1950-2005 
□ 2006-2089
OJ
m 0.6
d> j:̂
F ig . 6. The proportion of years where water stress (water 
potential o f soil < —1 MPa) is above the 1950-2005 yearly 
average water stress days, for the 1950-2005 time period and 
for the 2006-2089 time period. W ater potential of soil and 
leaves was modeled using Biome-BGC, while climate projec­
tions followed three Atm osphere-Ocean General Circulation 
Models under emission scenario A IB  (IPCC AR4).
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F ig . 7. Timing of peak snow based on meteorological data (1950-2005) and Atm osphere-Ocean General Circulation Model 
projections (2006-2089) for a high-elevation wet site (Glacier National Park, M ontana) and a high-elevation dry site (Deer Point, 
Idaho). These sites represent high-elevation sites covering the moisture range, both of which show substantial changes in the 
occurrence of snow peak. For most data points, the symbols for wet, middle, and dry are superimposed. The arrows (ends of data 
lines) indicate the date o f average peak snow at the beginning and the end of the projections.
Across all sites, on an  individual-site basis, to ta l site 
carbon  under the dry projections lagged behind the wet 
and  m iddle projections (Fig. 9); a  w ater/tem perature- 
driven tipping point, past w hich system carbon  declined, 
seems to  exist. The dry A O G C M  showed a decrease or 
stab ilization  o f to ta l carbon , while the o ther two 
scenarios showed increasing to ta l carbon for all sites. 
The small range covered by our three A O G C M s (see 
Fig. 2) seemed to  have crossed a  tem perature/w ater 
threshold  past w hich the systems carbon  accum ulation 
begins a  decline. Forests sim ulated w ith Biom e-BGC do 
no t stop growing unless a  disturbance is simulated. 
A lthough  the sim ulations inco rpo ra te  background  
m ortality , ou r sim ulated forests are w ithout d istu rbanc­
es and  are therefore expected to  keep accum ulating site 
level carbon. O ur simulations show an  accum ulation of 
carbon  a t all sites between 1950 and  2005. This decline 
o r stabilization o f to ta l carbon, as seen in Fig. 9, 
expresses a collapse o f the system due to  changed
climatic conditions. A t the high-elevation m ountainous 
dry site (D eer Point) and  a t the grassland-forest ecotone 
site (Boise), projections show a regular spacing in 
carbon  accum ulation rate between projections, signaling 
a  higher sensitivity to  the represented range o f precip­
ita tion  and  tem perature; whereas, projections from  the 
wet and  middle A O G C M s were m uch m ore similar for 
the o ther sites, suggesting th a t the difference in 
tem perature and  precipitation between the wet and 
m iddle A O G C M s does no t affect these sites as much. 
The m ost productive site, the high-elevation wet forests 
represented by Glacier, showed the greatest decline in 
to ta l carbon  accum ulation under the dry projections, 
and  b o th  G lacier and  D eer Po in t (representing the high- 
elevation wet and  the high-elevation dry forests o f the 
no rthern  U.S. R ocky M ountains, respectively) showed a 
decline in carbon accum ulation under the dry climate 
projections. A ccording to  these projections (which 
m atch recent carbon  analyses in forests o f the m oun­
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tainous west), if future precipitation and  tem peratures 
are similar to  o r drier than  the dry scenario depicted 
here, high-elevation forests a t bo th  ends o f the m oisture 
spectrum  o f productivity  w ould reduce their carbon 
accum ulation. The significance o f our results m ay be 
substantial given the increased im portance o f m oun­
tainous forest sites in the global carbon-cycle. (Note: 
recent analyses po in t to  m ountainous forests a t high 
latitudes as being the “missing carbon sink” in the global 
carbon  balance [Schimel et al. 2002]).
F lux tow er da ta  from  N iw ot Ridge reported  similar 
carbon  patterns (M onson et al. 2002, Sacks et al. 2007, 
H u  et al. 2009). A t N iw ot, lower rates o f carbon 
accum ulation were correlated w ith a  decrease in gross 
productivity  as opposed to  respiration  increases during 
the growing season; these conditions were also found  in 
our projections (see Table 5). D a ta  from  a netw ork of 
flux tow ers in Europe also reported  th a t the accom pa­
nying drought stress, no t high tem peratures, caused the 
decline in  productivity  th a t followed the 2003 E uropean 
sum m er d rough t (Reichstein et al. 2007). These obser­
vational findings support the pattern  found  in our 
projections. A  small p a rt o f the productivity  increase 
seen in some o f our sites m ay be caused by tem perature 
increases alone (as per Bergh et al. 2003) bu t the 
sum m er-drought effect com bined w ith changes in snow 
dynam ics seem to prevail. Phenotypic plasticity m ay 
potentially buffer the effects o f changes in soil m oisture 
regim es on p roductiv ity  and  thereby  increase the 
resistance o f ecosystems to  reduced precipitation, bu t 
the potential fo r this buffering effect is no t know n 
(W eltzin et al. 2003) and  we did no t detect it in our 
results.
N et Ecosystem Productivity  (N EP) values for the two 
projected tim e periods th a t m atched the A O G C M  
projections (2020-2039 and  2070-2089) were used to 
calculate w hether sites were carbon  sources or carbon 
sinks during these time periods. Fig. 10 summarizes the 
da ta  for each 20-year period. In  Fig. 10, a positive value 
indicates the percentage o f years in the 2 0 -year period 
th a t were carbon  sinks, and  a negative value the 
percentage o f years th a t were carbon sources. F rom  
2020 to  2039, 3 o f 6  sites were carbon  sources w ith dry- 
A O G C M  clim ate projections, one w ith  m iddle 
A O G C M , and  none w ith wet A O G C M , while from  
2070 to  2089, 5 o f 6  sites were carbon  sources w ith dry- 
A O G C M  climate projections vs. 1 o f 6  w ith the other 
A O G CM s. Forests even becam e carbon sources near the 
end o f the time series under the ho t/d ry  conditions 
projected by the dry A O G C M . This is similar to  w hat 
M orales et al. (2007) predicted for E uropean  ecosystems 
by 2100, bu t contrary  to  Bachelet et al. (2004), who 
project th a t a  region including the northw estern Rockies 
will become a sink in  the second half o f the 2 1 st century.
C arbon  gain (or reduced carbon  loss) can happen 
outside the trad itional growing season, a  time w ith 
tem peratures below freezing and  high snow accum ula­
tion  (A nthoni et al. 1999). Substantial respiration can
1950-2005 
□ 2006-2089
Middle
F i g . 8. Average NPP predicted by Biome-BGC for the 10 
m ost recent years (1996-2005) and the last 10 years of 
sim ulations (2080-2089) for six northern U.S. Rocky 
M ountain sites under three A tm osphere-O cean General 
Circulation Model climate projections.
occur under snow pack in w inter, b u t reduced w inter 
snow pack can also be accom panied by significantly 
lower rates o f soil respiration  (M onson et al. 2006a, 
Bergeron et al. 2007). N E P  values in Fig. 10 were no t 
constrained by our initial definition o f growing season; 
they include year-round sim ulation of N EP. W inter 
respiration m ay therefore contribute to  Glacier, our 
high-elevation  w et site w ith  a th ick  snow  pack, 
becom ing a carbon  source sooner th an  the o ther sites. 
The balance between w inter and  sum m er tem peratures, 
and  snow pack and  w ater available during the growing 
season, play an  im portan t role in determ ining if a  site is 
a carbon  source or sink. O ur sim ulations, supported  by 
da ta  (Sacks et al. 2007), show the dow n regulation of 
high-elevation forests under cold and  snowy conditions, 
m aking them  a carbon  source. The balance between 
carbon  uptake and  respiration  is intricately tied to 
annual variations in tem peratures and  w ater availability; 
earlier snow m elt due to  increases in tem perature and  
shallower snow packs m ay lower annual carbon  uptake 
due to  sum m er soil m oisture lim itation, bu t large w inter 
snow packs and  w arm  tem peratures m ay also im pact site 
carbon  accum ulation  th rough  increased respiration. 
Flux analysis in the Rockies and  in  boreal forests, as 
well as our sim ulations, have shown th a t snow pack and  
snow dynam ics have a  very im portan t influence on site 
w inter respiration, suggesting th a t a w arm er climate 
m ay change soil carbon sequestration rates in forest 
ecosystem s owing to  changes in the dep th  o f the
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F ig . 9. Total site carbon based on Biome-BGC projections under three climate change scenarios for six sites (elevations in 
parentheses) across the northern U.S. Rocky M ountains from 2006 to 2089.
insulating snow cover (M onson et al. 2006a, Bergeron et 
al. 2007).
As per H u et a l.’s (2009) observations, the differences 
in  carbon fluxes and  to ta l carbon  in our simulations can 
be explained by changes in grow ing-season length, snow 
w ater, and  w ater stress alone, w ithout accounting for the 
o ther changes. The individual effects o f o ther factors, 
however, cannot be disentangled in our projections, as 
they are interdependent. O ur projections showed limited 
productivity  increases and  a 1-3 m on th  increase in w ater 
stress days across all sites under the three selected 
climate change scenarios despite increases in  growing- 
season length, suggesting th a t in  our systems, w ater 
drives productivity. In  ou r projections, N PP  had  a 
significant negative correlation w ith w ater stress days, 
while respiration had  a  significant positive correlation 
w ith w ater stress days across all sites fo r all A O G C M s 
(Table 5). F o r Glacier, M issoula, Priest River, and 
Y ellowstone under the wet and  m iddle projections, the 
correlation between w ater stress days and  N PP  is higher
Table 5. Correlations between NPP and water stress days and 
respiration and water stress days for six sites across the 
northern U.S. Rocky M ountains under three AOGCM 
projections.
Variables and sites
AOGCM
Wet Middle Dry
NPP
Deer Point -0 .45 -0 .5 4 -0 .62
Boise -0 .42 -0 .4 4 -0 .53
Glacier -0.43 -0 .48 -0 .58
Missoula -0 .26 -0 .28 -0 .50
Priest River -0.18 - 0.21 -0 .39
Y ellowstone -0 .19 -0 .18 -0 .34
Respiration
Deer Point 0.37 0.27 0.27
Boise 0.38 0.39 0.36
Glacier 0.58 0.55 0.49
Missoula 0.44 0.44 0.40
Priest River 0.55 0.56 0.56
Y ellowstone 0.40 0.46 0.50
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F i g . 10. Carbon source-sink assessment of six sites across the northern U.S. Rocky M ountains during two 20-year periods 
(2020-2039 and 2070-2089) as projected by Biome-BGC under three climate projections (a wet, middle, and dry A tm osphere- 
Ocean General Circulation Model projection). Percentages are the number of years out of 20 that are either carbon sources (—) or 
carbon sinks (-f-); the 0 line is the cutoff for a site being a carbon source or sink over the whole 20-year period, for 2020-2039 and 
2070-2089.
(but opposite) th an  between w ater stress days and 
resp ira tion , ind icating  th a t a  decrease in carbon  
accum ulation m ay be m ore a ttribu ted  to  a  decrease in 
gross productivity  than  w ith an  increase in respiration 
on these sites. U nder the dry  projections, only 
Yellowstone and  Priest R iver m aintained th a t trend. 
F o r M issoula and  G lacier under the dry projections as 
well as for D eer Poin t and  Boise under all projections, 
the decrease in overall carbon  seems to  be due to  a 
decrease in productivity, a  finding similar to  Sacks et al.
(2007) for N iw ot Ridge.
Other factors
Changes in grow ing season, w ater stress, and  snow 
w ater, driven by the com bined tem pera tu re  and  
prec ip ita tion  changes, interm ix w ith the effects o f 
increased C O 2  in ou r sim ulations. There is published 
evidence o f a  C O 2  fertilization effect on forests (M oore 
et al. 2006). C ontrary  to  M u et a l.’s findings (2008), the 
productivity  changes in our simulations are driven m ore 
by tem perature and  w ater fluctuations th an  by the 
fertilization effects o f C O 2 , except for a slight increase in 
N PP. The C O 2  fertilization  effect is increasingly
qualified; Bergh et al. (2003) identified CO 2  effects as 
species specific; Pan et al. (1998) identified m any factors 
influencing response to  elevated C O 2 , such as VPD 
levels, N  deposition, and  cloud cover, and  Bytnerowicz 
et al. (2007) assert th a t com bined effects o f pollution 
and  clim ate change can  change responses to  C O 2  
fertilization. Results from  Free A ir C O 2  Enrichm ent 
(FA C E ) sites a round  the w orld present varied responses 
to  C O 2  increases, b u t clearly identify the increasing 
atm ospheric C O 2  to  be (at the least) a  po ten t restruc­
turing  force in vegetation com m unities (D eLucia et al. 
2005, A sshoff et al. 2006). The contrasting  responses to 
elevated CO 2  m ay correspond to  the different develop­
m ent stages o f forests a t respective FA C E  sites, as 
d isturbance history and  stand age also influence forest 
responses (Ollinger et al. 2002, M cln tire  et al. 2005, 
A lbani et al. 2006). T horn ton  et al. (2002) even report 
N et Ecosystem Exchange (N E E ) to  be largely a function 
o f disturbance history, w ith im portan t secondary effects 
from  site climate, vegetation ecophysiology, and  chang­
ing atm ospheric CO 2  and  N  deposition. A  FA C E  site in 
W isconsin found CO 2  to  increase bu t O 3 to  decrease 
aboveground N PP. Flence, investigators could report no
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detectable response to  C O 2  and  O 3 in the high-N PP 
response to  in terannual climate variability (K ubiske et 
al. 2006). H igh O 3 levels dam age the photosynthetic 
appara tus and  have been reported  to  reduce productiv ­
ity (A shm ore 2005, C ojocariu  et al. 2005, O ksanen et al. 
2005, Sitch et al. 2007). O ur Biom e-BGC simulations 
did n o t incorporate O 3 effects on vegetation, which 
should no t be a  factor biasing our results, since O 3 levels 
have no t been a reported  issue in the northern  U.S. 
R ocky M ountains as defined here. The C O 2  fertilization 
effect is presently represented in  Biome-BGC, bu t it did 
no t com pensate for changes in w ater and  tem perature 
levels.
N itrogen deposition could also change the response of 
forests to  changes in tem perature and  precipitation (De 
Vries et al. 2006, H yvonen et al. 2007). N anus et al. 
(2003) m apped N  deposition levels across the Rocky 
M ountains. In  the sim ulation used in this study, wet and 
dry  n a tu ra l N  depositions w ere set a t 0.004 kg 
N -m ^^-yr^\ w ith deposition attribu ted  to  anthropogenic 
sources set a t 0.0004 kg N -m ^^-yr^\ across all sites. 
A lthough these settings are w ithin historical ranges, they 
do no t m atch those specified by N anus et al. (2003). The 
generalized nature  o f this study, w ith b road  climate 
projections and  no species o r age specification, did no t 
seem to w arran t the use o f precise N  deposition rates, 
w hich vary by elevation, slope, aspect, and  precipitation 
am oun t and  by regional and  local sources o f a ir 
pollution. This omission com pounds our lim ited under­
standing o f the physiological response o f forests to 
elevated C O 2  and  surely contributes to  some biases in 
ou r projections.
The omission th a t w ould m ost im pact ou r projections 
is th a t o f large-scale disturbances. The increase in the 
num ber o f w ater stress days and  the change in snow 
pack in our simulations w ould drastically increase the 
likelihood o f disturbances. W ater stress levels and  snow 
pack levels are the two m ain predictors o f wildfire 
vulnerability and  factors in insect outbreaks (Flem ing et 
al. 2002, Collins et al. 2006, R affa et al. 2008), bo th  of 
w hich w ould be favored under our projections. R educed 
w inter p recip ita tion  and  an  early spring snow m elt 
already contributed  to  the recent increase in  large 
wildfire activity (W esterling et al. 2006). The vulnera­
bility o f w estern U.S. forests to  m ore frequent wildfires 
due to  w arm er tem peratures is reported  to  be a function 
o f the spatial d is tribu tion  o f fo rest area and  the 
sensitivity o f the local w ater balance to  changes in the 
tim ing o f spring (W esterling et al. 2006). O ur results 
clearly show the northern  U .S. Rocky M ounta in  forests 
as being very sensitive to  change in the w ater balance. 
The im pacts o f d istu rbance in carbon  stocks and  
productivity  have been dem onstrated  th rough  reduc­
tions o f bo th  N PP  and  N E P  (K ang et al. 2006), and 
determ inants in forests being carbon sources or sinks 
(K urz et al. 2008a, b). M uch like Schum acher and 
B ugm ann’s da ta  (2006), our simulations po in t tow ard 
increased fire activity, and  the conditions described by
R affa et al. (2008) w arning o f increased insect activity 
under changing climatic conditions, are also supported 
by our sim ulations. A lthough o ther simulations found 
th a t overall positive effects o f nondisturbance factors 
(climate, CO 2 , and  nitrogen) outw eighed the effects o f 
increased disturbances in  the last tw o decades (Chen et 
al. 2003), our results point tow ard  the changes in 
tem pera tu re  and  p rec ip ita tion  (including the C O 2  
fertilization effect), w hich cause deteriorating conditions 
on forest sites and  exacerbate disturbance effects.
The A O G C M s used as our sim ulation basis have 
themselves m any lim itations (B onan 2008, R unning 
2008). Processes no t yet included in the m odels, such as 
the effect o f nitrogen on carbon  uptake, physiological 
effects o f high ozone concentration , photo  synthetic 
enhancem ent by diffuse rad iation , and  disturbance, 
m ay initiate unforeseen feedbacks. Forests themselves 
are a  po ten t m odifier to  p lanetary  energetics, the 
hydrologic cycle, and  atm ospheric com position (B onan
2008), and  vegetation dynam ics are barely considered in 
the current generation o f models, no r are fires, aerosols, 
and  reactive chemistry. O ur projections incorporate the 
biases o f A O G C M s, and  these types o f sim ulations 
invariably will continue to do so until global circulation 
models evolve into their next incarnation. The sim ula­
tion  could contribute inform ation to  the A O G C M s 
themselves, as the evaporative effects o f climate change 
on forests are  unclear fo r tem perate  forests in 
A O G C M s. The response range in  our sim ulations 
presents the m inim um  level o f uncertainty in climate 
projections for this region.
M any o ther very pertinent factors th a t we did no t 
consider in our projections w ould influence the state o f 
forests in  the no rthern  U.S. Rocky M ountains. Changes 
in species com position, stochastic changes in patterns of 
environm ental factors, such as precipitation, m ay have 
potentially stronger effects on ecological systems than  
do changes in average conditions th a t we represented 
here (W hite et al. 1998, W eltzin et al. 2003, H am ann and 
W ang 2006, Jum p et al. 2006, Sefcik et al. 2007). 
Recently reported  increases in drought-induced m orta l­
ity (van M antgem  et al. 2009) w ould also change the 
landscape and  forest dynamics; e.g., sites similar to  
Boise, on the edge o f the grassland-forests ecotone, are 
already hovering close to  nonforested  precip itation  
levels (average between 2006 and  2089 o f 30 cm/yr). 
Time since disturbance influences carbon exchanges on 
sites (Law et al. 2001, M agnani et al. 2007), as do 
m anagem ent regimes (Briceno-Elizondo et al. 2006, De 
Vries et al. 2006) and  stand age (Chen et al. 2002, Yarie 
and  B arton 2005). D espite these omissions, our sim ula­
tions did lead to  a m ore in-depth exploration o f the 
effects o f tem perature and  precipitation scenarios on 
forests in the no rthern  U.S. Rocky M ountains.
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